INTRODUCTION
PRIOR to conducting extensive genetic studies on populations of a species, particularly with respect to a single character, it is important to know of the extent of different sources of phenotypic variation. Since Fisher's (1918) monumental work on partitioning of variance, this aspect of population genetics is one in which theoretical studies have become increasingly more refined than experimental investigations (see Cockerham, 1956) . It is worthwhile, therefore, to test empirically as many of the methods as possible using the same foundation stocks as sources of experimental material.
Estimates of components of phenotypic variance have been reported for many characters in a number of species (see, for example, Lerner, 1958 Falconer, i g6o) , but a comprehensive comparison of estimates derived from several different methods is not available.
In the course of investigations (Dawson, I 964b) on the genetics of developmental rate and the role of developmental rate in interspecific competition in flour beetles of the genus Tribolium, the results of which will be reported in subsequent papers, an extensive series of experiments was carried out to provide estimates of various components of phenotypic variance. This report summarises and compares these results.
MATERIALS AND METHODS
The University of California synthetic stocks of two species of flour beetles, Triboliuns castaneum (hereafter referred to as CS) and T. confusum (CF), were utilised as foundation populations for all experiments reported here. These stocks were synthesised in 1958 from several diverse laboratory and natural sources and have been maintained as closed populations since that time (details in Lerner and Ho, ig6i ).
Six experimental designs were employed to obtain estimates of variance components for developmental rate: S Part of a dissertation submitted to the Graduate Division, University of California, in partial fulfilment of the requirements for the degree of Doctor of Philosophy in Genetics. 403 All six designs were utilised for CS; for CF () and () were not carried out. In addition to estimates of heritability and other parameters obtained from these methods, realised heritability estimates were available from lines selected for fast and slow development starting with the same foundation material and from selection in F2 populations formed by crossing inbred lines.
Of these six methods, (2) to (5) were applied to data obtained using small shell vials (i 5 X 45 mm.) initially seeded with ten eggs in approximately I5 g. of flour. All parents used were selected from individuals obtained from a random sample of eggs from the synthetic strains. Two small preliminary tests were carried out with CS to see if there were any density effects on developmental rate (where density is defined as the number of pap obtained per vial). The results did not indicate any significant density effects on either mean or variance. For the remaining two methods, larger vials (25 X 95 mm.) and a variable number of eggs were used. The densities in these cultures were low enough so that no corrections for effect of density on developmental rate had to be applied.
The character utilised in these experiments was the number of days from egg to pupa. Pupation time was chosen in preference to the time of adult emergence principally because it insured that all females used in further matings would be virgin.
Techniques used to measure developmental time are described in detail by Dawson (1964a) . Briefly, for designs (2) to () listed above, at a specified time of day adult females which had been with males for at least two days were placed in very fine white flour. At the same time on the following day the females were removed and ten eggs were later collected and placed in small vials in a standard flour mixture (stone-ground whole-wheat flour enriched with per cent, brewer's yeast). When pupation began, all vials were checked daily, again at the same time. Flour was sifted from the vials, the pup were removed and the remaining larvae were returned to the vials.
Parental beetles used in these experiments were obtained from vials which had been handled in the same way except that random samples of ten eggs from the synthetic stocks (all less than 24 hours of age) were initially placed in the cultures.
For designs (i) and (6), a slightly different procedure was used. A known number of parents was introduced into a large vial at a specified time. On the following day, again at the same time, the parents were removed. The number of eggs in these vials was not known but was to some extent regulated by the numbers of adults used. Pupation time was scored in the same way as for the small vials.
All cultures were maintained in a converted Jamesway Poultry Incubator at 290 C. and 70 per cent. relative humidity. Attempts were made to reduce as much as possible the length of time that cultures were out of the incubator.
Developmental time in both synthetic populations is not normally distributed (see also Howe, x g6 i), and logarithmic and square root transformations failed to normalise the distributions. However, analysis of variance techniques are quite robust against non-normality (Box, 2953; Scheffé, 1959, p. 360) . Vial means were used whenever possible to eliminate non-normality problems.
RESULTS
The first experiments were designed to test for the presence or absence of epistasis using techniques developed by Mather (see I 949) . Starting with one pair of inbred lines for each species, developmental rates were measured for each inbred line and for F1, F2 and backcross (BC) progenies within each pair of lines. F1 and BC data were obtained using only one of the possible reciprocal crosses. Most mating combinations were replicated from 15 to 20 times in order to provide estimates of variances of vial means; in two cases only 8 replicates were utilised. Since vial means were used the problem of non-normality was circumvented. Vial means were based on 35 to x 40 individual observations.
One of the basic assumptions of this procedure is that environmental variance should be equal in the parental inbred lines and the F1 populations. When this criterion is not satisfied, transformation of the data to a more suitable scale may equalise the variances, or at least reduce the inequalities.
The most obvious limitation of this first technique is that the inbred lines may not be at all representative of the foundation population from which they were originally derived. Even if they are a representative sample, estimates of dominance variance which can be obtained using these methods may bear little relation to the dominance variance of the original population because of the strong frequency dependence of dominance variance in the population (Dempster, personal communication) . Further, Anderson and Kempthorne (1954) have shown that some types of epistasis will not be revealed using Mather's methods. Cockerham (1956) describes alternative procedures for estimating epistatic variance but these techniques, most' applicable in plants, were considered to be too complex to be performed during the present investigations. In view of these objections, estimates obtained from this type of analysis would, by themselves, seem to be of little significance; however, when used in combination with other methods they might be quite useful.
Means and standard errors of vial means and the statistics used to test for epistasis are listed in table i. None of the three measures of epistasis differ significantly from zero for CS; thus epistatic interactions are apparently not an important source of variance in the two CS inbred lines and their derivatives. For CF, however, the A, B and C statistics are all significantly less than zero, indicating the presence of epistatic interactions of genes for developmental rate.
Variances of the individual observations, also given in table z indicate, however, that the assumption of equality of variance in the inbred and F1 populations is not satisfied. A logarithmic transformation applied to the data reduced the inequalities only slightly and was therefore not utilised. Significance tests performed on the A, B and C statistics obtained from the transformed data gave essentially the same results although the absolute values of the ratios of A, B and C to their standard errors were considerably smaller. This leads to the thought that a transformation powerful enough to eliminate the inequality of the variances in CF might also render the tests for epistasis non-significant.
In view of the problems associated with non-equality of variances, the results of this set of experiments must be regarded as inconclusive. For CS, epistatic variance does not appear to be of major importance, but the same cannot be said of CF. Since the data could not be 2C properly scaled, estimates of heritability and dominance variance would not be very meaningful and were therefore not computed.
For all further analyses presented here it will be assumed that epistasis and genotype-environment interactions do not contribute significantly to the genetic component of variance. Although the latter assumption did not hold in the inbred material, it seems unreasonable to conclude that the effects appearing in highly inbred populations are necessarily of importance in non-inbred ones. In most of the remaining experiments, individuals belonging to the same family were raised in the same vial. The estimates of genetic com- 
ponents may be inflated if there is an important differential effect of vial environments on rate of development. However, in a small-scale test carried out utilising highly inbred lines, between-family variance was not significantly greater than within-family variance. Thus, at least in this experiment, the environmental effects mentioned above were not too important. Parent-offspring regression analyses were made for CS only using both randomly and assortatively mated parents. The latter method, developed by Reeve (1953 Reeve ( , 1955 Reeve ( , 1961 increases the variance of parental values, thereby increasing the accuracy of estimation of the regression coefficient. The possible bias introduced as the result of phenotypic correlations between parents was shown to involve only second-order components (Reeve, ig6i) .
If regression is linear and no maternal effects are present, the covariance between offspring average and midparent value from randomly mated parents contains the additive genetic variance, plus decreasing fractions of higher order additive xadditive epistatic terms (YA+UAA+...). The variance of midparent values accounts for half of the total phenotypic variance (o). Thus, if the epistatic components may be ignored, the regression coefficient gives an estimate of narrow sense heritability (b = a/a). Due to the known presence of maternal effects on developmental rate, the regression of offspring on sire and dam was computed separately. In this case the regression coefficient estimates only one-half of the heritability (Falconer, 1960, p. 169 ).
For both mating designs, i o matings were made. Only those matings producing at least five pup per ten eggs collected were used. This restriction left 9' and 99 sets of parents and offspring for the assortative and random mating analyses respectively. Heritabilities and 95 per cent. confidence limits (Snedecor, 1956, p. 125) are given in table 2. Since vial means were used in these analyses, there are no non-normality problems. It is seen that, as shown by Reeve (x 961), assortative mating gives a more precise estimate. However, if maternal effects are present, a completely assortative scheme will not detect them since the regression of offspring on sire and dam will be the same. Thus, when using characters complicated by maternal effects, this method can overestimate heritability (Dawson, i 964b) .
When regression of offspring on sire and on dam is performed separately for the random mating design, only the dam estimate includes variation due to maternal effects (b = .h2+M). Thus the heritabilities given in table 2 for regression on dam include twice those maternal effects correlated with the expression of the character in the dam itself. Using the sire estimate of oI2 for h2 leaves oo9 as an estimate of M. This maternal effect may be an underestimate or even an overestimate, depending on the hypothesis assumed. For example, on one hypothesis of completely heritable genetic maternal effects, the regression of offspring ondam estimates h2+M.
Another set of estimates was obtained using a full and half sib nested design (Type I of Comstock and Robinson, 1952) . For both CS and CF, 30 males were mated to three females each and ten eggs were collected per dam. Only those sires for which at least two females produced five or more offspring were used. All CS males and 28 of the CF males fulfilled these requirements. The analysis of variance and estimates of variance components are given in table 3. Formula for coefficients of variance components in the case of unequal numbers of dams and offspring were taken from Snedecor (1956, p. 272 ). In such cases, exact estimates of variance components are obtained by using two different coefficients to represent the number of offspring per dam [in the E(MS) column of table 3 these two coefficients would 
appear in place of the k1's]. However, if these are not equal, F tests and confidence intervals cannot be obtained. Snedecor suggests using a single value for k which turns out to be intermediate between the exact coefficients. In the present material, heritability estimates were the same to two decimal places using both methods. Therefore, the intermediate k has been used in order to obtain confidence intervals.
Confidence limits for (4 (variance within full sib families) were obtained from the relation SS = c4x2 (df) (Scheffé, 1959, p. 229) .
Corresponding limits for a and a were obtained using a formula derived by Bulmer (j9) . These limits, included in If the assumption that epistatic variance is neglIgible is a valid one, and the only evidence available indicates that it is at least for CS, and if maternal effects are not greater than assumed, then a fairly large proportion of variance is due to dominance and/or overdominance of genes for developmental rate. The results of two-way selection for rate of development in T. castaneum also indicated that dominance contributions to variance are substantial (Dawson, 1965) . The fact that developmental rates of F1 progeny from the crosses between inbred lines are outside the parental range (table i) is also suggestive of this conclusion.
Confidence limits for sire heritability estimates from the nested design were obtained from intraclass correlation coefficients (Scheffé, 1959, p. 229) . The resulting limits were (-o.oi, 0.24) and (-oo4, O2O) for CS and CF respectively.
A diallel crossing scheme, utilising blocks of two males and two females each (Lerner, 1950, p. 158) was also carried out. This was made possible by the observation of Schlager (1960) that in a singlepair mating of CS if one male is substituted for by a second male, after a few days all eggs laid by the female will have been fertilised by the second male.
Fifty blocks were set up for CS and 30 for CF using beetles randomly chosen from the synthetic stocks. Because of time limitations, systematic matings could not be made, so that the matings were spread out over a three week interval. However, within this time range parental age has no significant effect on developmental rate of offspring (Dawson, 1964a) . Whenever a second male was placed with a female, six days were allowed prior to collecting eggs in order to insure that sperm replacement had occurred. Since some matings failed to produce progeny, only 43 blocks for CS were suitable for analysis. For CF, 28 blocks had offspring for all four matings.
The statistical model used for the analysis of these data is as follows (using the notation of Scheffé, 1959) where is the lth observation from the mating of the ith sire and jth dam in the kth block:
where u = grand mean, common to all observations ak = effect of the ith sire in the kth block b = effect of the jth dam in the kth block ck = effect of the kth block = interaction between the ith sire and jth dam in the kth block éijkl = random error in the observation.
The a1k, bik, Ck, dik and éjkl are assumed to be independently normal with variances o, u, o, o and u respectively. The model also assumes that there is no effect of aging of parents. As mentioned above, this assumption may be taken as valid.
The data were analysed in two stages. The first step is a simple one-way analysis of variance using all observations to obtain an estimate of a. The second analysis, which uses the means of full sib offspring from each mating to obtain the remaining components, is essentially a nested design where the sire and dam effects are completely crossed within blocks. The partition of variance components for this design is given in Lerner (1950, p. 158) for the case of equal numbers of offspring in all cells.
The results of the diallel analyses are given in tables 4 and 5.
From these data estimates of h2 and M may be obtained in the following manner. The sire component, ô, contains the covariance between paternal half sibs, which includes of the additive genetic variance plus fractional higher order additive xadditive epistatic terms (ja+oAA+...). Thus, ignoring the latter terms, 4/â. provides an estimate of narrow sense heritability (where a = total variance = a+o +a+cx,). Similarly, the dam component measures covariance between maternal half sibs, and includes maternal effects in addition to additive genetic effects. Thus, with reservations as noted previously concerning the actual source of maternal effects, 4a/o estimates h2+4M, and from this it follows that M = (a -o)/o1.
Estimates for h2 and M are given below:
. .
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The interaction component in a diallel design of the type used here contains F0m. +epistatic terms. One supposed advantage of diallel designs is that they provide estimates of the extent of non-additive genetic effects. However, as Miller Legates and Cockerham (1963) have recently pointed out, this component is biased by time effects I'742'(4<P991 O028<c<0584 -O136<<o334 and interaction between genotype of offspring and maternal environment. Assuming that epistasis is negligible, 4&/a estimates H. It is quite obvious that H is overestimated in these experiments; the resulting estimates for CS and CF being o'68 and o'57 respectively. Thus in spite of the fact that maternal age does not seem to be an important factor, the objections of Miller et al. (1963) to the diallel scheme as used to estimate non-additive variance seem to be justified.
Confidence limits for 4 and for o and a, given in tables 4 and 5, were again obtained using methods of Scheffé (xg) and Bulmer (1957) respectively. As was the case with the nested design, the confidence limits for a are quite large.
A final method for partial partitioning of phenotypic variance involves the comparison of variance in outbred populations with that of F1 hybrids between highly inbred lines (see, for example, Robertson, 1957) . The synthetic stocks were used as outbred populations. Data from assays of these stocks at several different times were combined in order to provide a more accurate estimate of phenotypic variance. Comparable results from two F1 hybrids of each species (including the same ones used in the test for epistasis described earlier) were used to estimate variance in populations of uniform genotype. The latter estimate includes only variance due to environmental effects. The estimate from the outbred stocks includes variation resulting from both genetic and environmental sources.
The pooled data are presented in table 6. They indicate that total genetic variance is proportionally higher in CF than CS. Utilising estimates of h2 and M taken from combined results of all previous tests (table 7) provides estimates of the contribution of dominance plus epistatic effects to total variance. This component is seen to be higher for CF than CS and agrees quite well with estimates of dominance from the nested designs, assuming as before that epistasis is negligible.
Utilising this method, Robertson ('957) found that 52 per cent.
of pheno typic variation in developmental rate of Drosophila melanogaster was due to genetic sources. Having no narrow-sense heritability estimate, he did not break this down into additive and non-additive components. At any rate his estimate for proportion of the total genetic variance is similar to those obtained for CS and CF in the present analysis.
Objection to the use of this procedure for partitioning variance has been raised by Bray, Bell and King (1962) on the grounds that the inbred lines used must certainly not be representative of the original population from which they were taken. However, in combination with the other methods used, this technique seems to be quite a reasonable one. In the present material, it yielded estimates very similar to thOse obtained using other designs.
DISCUSSION
The estimates obtained from all designs tested, with confidence limits where applicable, are summarised in table 7. In addition to ...
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•.. the designs discussed in the preceding section, realised heritability estimates were available from lines selected for fast and slow development in CS, for fast development in CF (2 replicates) and from selection in F2 populations of hybrids from crosses between inbred lines (Dawson, 1965) . These estimates are also included in table 7. Combined estimates of heritability (h2), maternal effects (M) and dominance effects (H) were calculated as unweighted means of all available observations. Estimates of H from the diallel design were not included for reasons previoisly cited.
It may be concluded on the basis of these combined estimates that total genotypic variance is proportionally higher in CF and that the majority of this difference is due to a greater dominance component.
It was assumed throughout the presentation that epistatic contributions to variance were relatively unimportant in the CS and CF synthetic strains. One test for epistasis in each species carried ou with inbred material indicated that this assumption was a reasonable one. A more convincing argument stems from the nature of the synthetic strains, which have been maintained as closed populations for a number of years. As Mayr (1963) points out, it might be expected that epistasis would be less important and overdominance more important as sources of genetic variability in such populations. In natural populations which are continually subject to gene flow in the form of migration a greater amount of epistasis would interact well in many combinations. In closed populations there is less need for such genes, and in fact, as Dobzhansky and Spassky (1962) Similar results were obtained with artificial selection for fast and slow development from the CS synthetic stock. Realised heritability estimates from 7 generations of selection, listed in table 7, were in accord with theoretical predictions. After 13 generations, however, realised heritabilities were o, i and 032 for the fast and slow lines respectively. These results have been examined in detail elsewhere (Dawson, 1965) .
Nine generations of selection for fast development in two replicate CF lines initiated from the synthetic stock also yielded realised heritability estimates in accord with prediction (table 7) . Thus, as in the studies of Clayton et al. cited above, short-term responses to selection follow those expected from a knowledge of heritability, whereas longterm results do not. The large component of genetic variance attributable to dominance (and possibly epistatic) effects is probably the key to the failure of long-term selection progress to conform to that expected from theory (Lerner, 1958) .
Finally, it is of interest to compare some of the designs available for estimating variance components. Important considerations in this comparison are: (i) the labour and facilities required to perform the experiments; (2) the various estimates obtainable from these designs; and () the accuracy of the estimates.
Parent-offspring regression techniques are probably the easiest to carry out in terms of labour and space requirements. The use of offspring means avoids problems of non-normality in the distribution of the trait being utilised. This design suffered, at least in the present study, from a large standard error of the estimate of heritability. If parents are mated assortatively, considerably greater precision is obtained (Reeve, 1953 (Reeve, , 1955 (Reeve, , 1961 . When maternal effects are important, however, a large overestimate of heritability can result from assortative mating (Dawson, i 964b) .
For estimation of maternal effects, the diallel design used here is excellent. The genetic variances obtained from sire and dam components in this design are identical with the exception of maternal effects, present only in the dam component. This method required the most time and facilities and, in addition, is limited to organisms where the same female can be mated to more .than one male. More elaborate diallel designs which utilise a number of inbred lines (see, for example, Hayman, 1954; Jinks and Broadhurst, 1963) suffer from assumptions which, in some cases, may be unrealistic. Evidence of problems relating to the use of diallel matings to estimate nonadditive genetic variance (Miller, Legates and Cockerham, 1963) are confirmed in the present studies.
The nested design also requires a considerable amount of labour and space, but provides a more accurate estimate of heritability than conventional parent-offspring regression methods. The excess of dam over sire components in this design gives a notion of the extent of non-additive genetic variance and maternal effects relative to heritability.
The other two methods reported here involve the use of inbred lines which in most instances will not be representative of the original foundation population. Comparison of varians in nntbred and genetically uniform lines is quite easy to carry out , if estimate of heritability is available from other sources, provides an indication of the extent of non-additive genetic variance. A further problem here, however, is that environmental variance of F1 hybrids may be underestimated because of buffering properties associated with heterozygosity. The use of Mather's (1949) techniques for estimating variance components from inbred lines and their derivatives requires that environmental variance in the inbred and F1 populations be made equal, and this is not always easy to accomplish.
Heritability estimates from replicated artificial selection lines are, of course, very good, but require a considerable amount of time and material. Perhaps several single-generation selection experiments (similar to parent-offspring regression methods where parents are mated assortatively) would be easier to do. However, if additive x additive epistatic interactions are an important source of variance, heritability can be overestimated in single-generation studies (Griffing, 1960) .
5. SUMMARY Several methods of estimating components of phenotypic variance are compared using developmental rate in synthetic laboratory populations of the flour beetles, Tribolium eel staneum (CS) and T.
confusum (CF).
Combined estimates of the proportionate contributions to total variance of additive genetic effects, maternal effects and dominance effects from these various designs were O'15, oo8 and O2I respectively for CS and oii, o'io and o6 for CF. Total genotypic variance is thus higher in CF, and the difference is due to a higher dominance component.
Short-term gains from artificial selection for developmental rate were in accord with those predicted from heritability estimates, but long-term responses diverged from expectations. The latter differences are thought to be attributable to the relatively large dominance component of variance.
The various methods utilised are compared in terms of the labour and facilities required, the types of components estimable, and the accuracy of the estimates. 
